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Summary: 27 
Recently it has been demonstrated that there are differences between sheep and goats in respect 28 
to the adaptation to a calcium restricted diet. It was the aim of the present study to evaluate 29 
whether species-specific peculiarities also occur when calcium homeostasis is challenged by 30 
lactation. Therefore, we investigated the time courses of plasma parameters related to calcium 31 
homeostasis (calcium, phosphate, calcitriol, the bone resorption marker CrossLaps® and the 32 
bone formation marker osteocalcin) during the transition period in multiparous animals of both 33 
species and compared the results to data from a former study carried out with dairy cows. Like 34 
in cows, plasma calcium and the ratio of bone formation to bone resorption decreased at 35 
parturition in goats while plasma calcitriol increased. On the 10th day postpartum the bone 36 
parameters of goats reached prepartum values again which was not the case in cows. Sheep 37 
were found to experience a challenge of calcium homeostasis already 10 days before parturition, 38 
reflected by a very low ratio of bone formation to bone resorption which was not accompanied 39 
by an increase in plasma calcitriol. Additionally, sheep and goats which had been in milk for 3 40 
months were sampled, dried-off and sampled again 6 weeks later. In dried-off animals there 41 
were no differences in parameters of bone metabolism detectable. In conclusion we could show 42 
that the contribution of bone mobilisation to the compensation for the enhanced calcium 43 
demand due to lactation differs between the three ruminant species. 44 
 45 
  46 
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Introduction 47 
Small ruminants are often used as models for cows to study basic aspects of calcium (Ca) 48 
homeostasis. However, there are differences in homeostatic mechanisms between goats and 49 
sheep that need to be considered before any results can be extrapolated to dairy cows, especially 50 
with respect to the transition period. 51 
On a body weight basis the milk yield of dairy goats is comparable to that of dairy cows and 52 
hypocalcemia occurs in both species usually at the onset of lactation, while sheep develop 53 
hypocalcemia more often during late gestation (Oetzel, 1988). But when comparing feeding 54 
behaviour, cattle and sheep can be regarded as grazers, while goats in their natural habitat select 55 
high energy (concentrate) feed (Hofmann, 1989). These differences in feed type might influence 56 
gastrointestinal mineral absorption as it has been shown that goats adapt more efficiently to 57 
dietary Ca restriction by up-regulating intestinal Ca transport than sheep (Wilkens et al., 2011; 58 
Wilkens et al., 2012b). Interestingly, it has also been reported that a reduction in Ca supply did 59 
not lead to an increase in apparent digestibility of Ca in lactating cows (Taylor et al., 2008).  60 
Comparative data on the response of different ruminant species to the challenge of Ca 61 
homeostatic mechanisms at the onset of lactation are limited. In studies investigating bone 62 
metabolism in goats and sheep it has been demonstrated that around parturition sheep tend to 63 
have greater concentrations of bone resorption markers and more pronounced depression of 64 
bone formation markers in blood, compared to goats (Liesegang et al., 2006, 2007). 65 
As milk fever in dairy cows is associated very closely with parturition, it was the aim of the 66 
present study to investigate changes in plasma parameters of Ca homeostasis during the 67 
peripartal period of sheep and goats by taking samples in shorter intervals than it has been done 68 
in the studies mentioned above and compare them to respective data from cows. Based on our 69 
former studies we hypothesise that there are differences in the response to the peripartal 70 
challenge of Ca homeostasis which cannot be simply explained with the higher milk yield 71 
usually observed in goats and cows.  72 
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Besides ionised and total Ca and phosphate plasma, concentrations of calcitriol, the biologically 73 
active metabolite of vitamin D, were determined. Furthermore, the bone markers were 74 
addressed. Bone turnover or remodelling means concurrent bone formation and resorption 75 
(Allen, 2003). As absolute values of biochemical markers of bone metabolism are influenced 76 
by various factors like age, circadian rhythms and season (Hannon & Eastell, 2000), the ratio 77 
of osteocalcin to CrossLaps® was used to assess bone turnover. The ratio of bone formation 78 
markers to bone resorption markers has been used before to estimate the status of bone 79 
remodelling in horses and cows (Lepage et al., 1998; Liesegang et al., 2000). 80 
 81 
Material and methods 82 
Animals, diets, milking pattern and blood sampling 83 
The study was carried out with 5 to 6 multiparous animals of each species (sheep, goats and 84 
cows), aged between 2 and 5 years. All animals were of breeds used for milk production in 85 
Central Europe: East Friesian dairy sheep, Saanen type goats and Holstein-Friesian cows. 86 
Average body weights were 66.3 ± 1.6 kg (sheep), 49.1 ± 1.7 kg (goats) and 679 ± 25 kg (cows). 87 
Sheep and goats were housed in a free-stall barn at the Department of Physiology of the 88 
University of Veterinary Medicine, Foundation, Hanover, Germany. During the entire 89 
observation period, the animals had access to hay (Table 1), minerals and water ad libitum. The 90 
animals were group-fed prepartum, receiving 75 g concentrate (Table 1) per 10 kg body weight 91 
per day.  92 
Immediately after parturition, the kids and lambs were removed and milk yield was recorded 93 
for 20 consecutive days.  The ewes and does were milked and provided with concentrate three 94 
times daily at 0800, 1400 and 2000 h. The amount of concentrate was calculated for each 95 
individual animal according to the milk yield of the previous milking (800 g per kg milk) to 96 
meet the requirements for dairy sheep and goats recommended by the Society of Nutrition 97 
Physiology (GfE). 98 
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Data from cows were obtained from a previous study (Wilkens et al., 2012a). The cows were 99 
kept on a commercial dairy farm located in Saxony, Germany. They were fed a total mixed 100 
ration ad libitum before and after parturition (Ca content a.p.: 7.8 g/kg DM; Ca content p.p.: 101 
10.0 g/kg DM). The calves were removed within 24 h postpartum, after which milking was 102 
done twice daily. In the present study, the peripartal plasma parameters of 6 cows of the former 103 
control group were compared with respective values from the small ruminants. 104 
 From calculated gestational day 140 (sheep and goats) or day 175 (cows), two blood samples 105 
(lithium heparin and EDTA) were collected  from the jugular (sheep and goats) or coccygeal 106 
vein (cows) , every other day at 0900 h until day 10 postpartum. Additional samples were taken 107 
immediately after parturition and at 6, 12 and 24 h postpartum. The prepartum samples were 108 
re-classified according to the exact day of parturition. Samples taken on day 2 and 1 prepartum 109 
were classified as sample day -2, samples taken on day 4 and 3 as sample day -4, etc. 110 
A further 6 goats and 5 sheep, of the same age and breed were sampled after three months of 111 
lactation. They were then dried off and sampled again six weeks later. 112 
The protocol of animal treatment was approved by the Animal Welfare Commissioner of the 113 
University of Veterinary Medicine, Foundation, Hanover, Germany, and its conduct was 114 
supervised according to German Animal Welfare Law. 115 
 116 
Sample analysis 117 
After measuring ionised Ca in whole blood with a blood gas analyser (Chiron Diagnostics, 118 
RapidLabTM 348), samples were centrifuged (2,000 g, 15 min) at ambient temperature and 119 
plasma was collected and stored at -18°C.  120 
The concentrations of phosphate and total Ca in plasma of sheep and goats were measured 121 
colorimetrically by standard spectrometric techniques (Sarkar & Chauhan, 1967; Kruse-Jarres, 122 
1979), while total Ca and phosphate concentrations in the plasma samples from cows were 123 
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determined by standard diagnostic methods in the laboratory of the Clinic for Cattle of the 124 
University of Veterinary Medicine, Foundation, in Hannover.  125 
Plasma calcitriol of sheep and goats was measured with a commercial radioreceptor assay 126 
(Immundiagnostik AG, Bensheim, Germany). Quantification of the bone formation marker 127 
osteocalcin and the bone resorption marker CrossLaps® was done using commercial enzyme-128 
linked immunosorbent assay kits according to the manufacturer’s instructions (MicroVueTM 129 
Osteocalcin EIA Kit, Quidel® Corporation, Santa Clara, USA; Serum CrossLaps®, IDS Ltd, 130 
Frankfurt am Main, Germany).  131 
 132 
Data presentation and statistical analysis 133 
Data are presented as mean ± SEM. The daily milk yield of sheep and goats is corrected for the 134 
animals´ body weights. 135 
All statistical analyses were performed using GraphPad Prism® 5.0 (GraphPad Software, San 136 
Diego, USA). Gaussian distribution according to Kolmogorov-Smirnov was confirmed for all 137 
data. Comparison of peripartal ionised and total Ca, phosphate, CrossLaps® and osteocalcin 138 
plasma concentrations was carried out by analysis of variance (ANOVA) for repeated 139 
measurements with a saturated model of the fixed factor species. Bonferroni post-test was 140 
applied to reveal species differences at each time point and differences over time within each 141 
species.  142 
In all cases, P values < 0.05 were considered statistically significant.  143 
 144 
Results 145 
Milk yield 146 
Three of the 5 ewes and 5 of the 6 does produced twins, while the remaining small ruminants 147 
and all the cows had single offspring. Milk yield was not affected by the number of offspring. 148 
There was no significant difference in milk yield between the sheep and goats over the first few 149 
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days after parturition. However, daily milk production of the goats then increased to a maximum 150 
of 0.085 l/kg BW, whereas milk yield of the ewes remained more or less constant at a level of 151 
0.04 l/kg BW per day (Fig. 1). 152 
 153 
Macro minerals in blood and plasma 154 
Whole blood and plasma concentrations of ionised and total Ca and phosphate measured in 155 
sheep, goats and cows around parturition are given in Figures 2, 3 and 4. 156 
Compared to day 2 prepartum, ionised Ca measured in whole blood of goats showed a 157 
significant decrease at parturition and also on the 10th day postpartum. There was no similar 158 
change in ionised Ca associated with lambing in ewes. The transient decrease observed in cows 159 
with a minimum at 12 hours postpartum was not statistically significant because of high 160 
individual variances, but compared to sheep and goats postpartum ionised Ca in cows was 161 
significantly lower. 162 
However, the great challenge of Ca homeostasis in cows at parturition becomes obvious when 163 
the plasma concentrations of total Ca are considered.  164 
In all species, a small, but not statistically significant decrease in plasma phosphate was 165 
observed at parturition. Intriguingly, a pronounced increase in plasma phosphate was found on 166 
the 10th day postpartum in goats.  167 
 168 
Calcitriol 169 
The profile of plasma concentrations showed that in goats, calcitriol was highest at parturition 170 
while sheep had no significant changes and cows showed the highest calcitriol levels on the 2nd 171 
day postpartum (Fig. 5).  172 
 173 
Markers of bone formation and resorption 174 
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The ratio of the bone formation marker osteocalcin to the bone resorption marker CrossLaps® 175 
is given in Figure 6. In sheep plasma, a very low ratio was found throughout the entire 176 
observation period, while goats and cows had significantly greater ratios during the last 177 
gestational days which then decreased at parturition. On the 10th day postpartum basal values 178 
were found again in goats, while the cows´ osteocalcin to Crosslaps® ratios remained as low as 179 
those of sheep. 180 
 181 
Effects of terminating lactation  182 
Comparisons of plasma concentrations of total Ca, phosphate, calcitriol and the ratio of 183 
osteocalcin to CrossLaps® in ewes and does after  three months of lactation and  six weeks after 184 
the end of lactation are presented in Table 2.  185 
Plasma concentrations of total Ca were not affected by lactation status. However, lower 186 
concentrations were found in both groups of sheep compared to goats. Both species showed a 187 
small increase in plasma phosphate after lactation had ceased. While no effects of lactation 188 
status were found with calcitriol concentrations, the ratio of osteocalcin to CrossLaps® 189 
increased markedly in both species after lactation had ceased. In contrast to peripartal values, 190 
there were no species differences in these bone marker ratios in non-lactating animals. 191 
 192 
Discussion 193 
There is a sudden increase in the outflow of Ca from blood at the onset of lactation compared 194 
to the last days of gestation (Horst et al., 2005). The resulting transient decrease in plasma Ca 195 
at parturition and shortly after has been described for cows in numerous studies (Reinhardt et 196 
al., 2011).  197 
The discrepancy between ionised and total Ca in cows after parturition in the present study 198 
could be explained by factors caused by the negative energy balance almost always reported 199 
for cows in early lactation (Butler & Smith, 1989). For example, alterations of plasma albumin 200 
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or pH might have affected the ratio between ionised and total Ca. In contrast to the group fed 201 
dairy cows, the small ruminants were feed individually according to their milk yield. 202 
The absence of such a depression of Ca at parturition in sheep has already been reported 203 
(Liesegang, 2008).  This might suggest that in contrast to goats and cows there is no particular 204 
challenge to the mechanisms of Ca homeostasis at lambing due to the secretion of Ca in milk. 205 
However, as there were only minor differences in milk production between sheep and goats 206 
immediately after parturition, it is unlikely that the Ca demand for milk production during the 207 
first 24 hours p.p. was very much higher in goats compared to sheep. The daily placental transfer 208 
in ewes between day 133 and 140 of gestation has been shown to amount for 255 mg per kg 209 
foetal body weight (Durand et al., 1983). Assuming a Ca concentration of 2.5 g/L in colostrum 210 
(Liesegang 2008), for the sheep in the present study the loss of Ca into the milk has been 211 
approximately 4 g on the first day p.p. compared to an estimated daily demand of 2 g for late 212 
gestation.  213 
But in contrast to does and cows, the osteocalcin to CrossLaps® ratio in ewes was already very 214 
low at the end of gestation. Since in non-lactating animals there were no differences between 215 
goats and sheep, this low formation to resorption marker ratio is most probably not 216 
characteristic for sheep in general nor caused by variations in the sensitivities of the ELISA 217 
kits. The time course of the osteocalcin to CrossLaps® ratio around parturition more probably 218 
suggests that in ewes the Ca homeostatic mechanisms have already been challenged before 219 
lambing and there may have been a greater contribution of the skeleton to maintenance of Ca 220 
homeostasis than in the other two ruminant species. This is in line with the clinical observation 221 
that ewes often develop hypocalcemia during the last days before lambing when the foetal 222 
skeleton is mineralised (Oetzel, 1988) and that the peripartal plasma Ca concentrations are 223 
lower in twin-bearing than in single-bearing ewes (Raoofi et al., 2013).  224 
However, all of the goats except one in the present study also produced twins. As it has already 225 
been demonstrated that goats have a greater ability to adapt to dietary Ca restriction than sheep 226 
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(Wilkens et al., 2012b), it may be that the does were adapted better than sheep to the enhanced 227 
Ca demand of foetal bone growth in late pregnancy. The onset of lactation induced a small 228 
decrease in ionised Ca accompanied by a concurrent increase in calcitriol in does. A decrease 229 
in ionised Ca leads to a secretion of parathyroid hormone (PTH) which than stimulates the renal 230 
1α-hydroxylase, the enzyme needed for the transformation of 25-hydroxyvitamin D to 1,25-231 
dihydroxyvitamin D, the active hormone calcitriol (Fraser & Kodicek, 1970).  232 
Assuming that Ca homeostasis in ewes had already been severely challenged before parturition, 233 
one would expect a calcitriol response occurring even earlier in these animals. However, this 234 
was not the case. Lower calcitriol concentrations in sheep compared to goats experiencing the 235 
same dietary Ca restriction have already been demonstrated (Wilkens et al., 2010; Wilkens et 236 
al., 2012b). As there is no suitable assay available for the determination of PTH in small 237 
ruminant species, it is difficult to reveal the reasons for this phenomenon.  238 
In cows and goats bone resorption seemed to be induced not before parturition. But while goats 239 
reached pre-kidding values at the 10th day postpartum again, cows´ and sheep´s osteocalcin to 240 
CrossLaps® ratios remained very low. This might point to are more rapid stimulation of 241 
gastrointestinal Ca absorption in goats allowing the animals do reduce bone mobilisation again. 242 
For sheep it has been shown that the maximal efficiency of gastrointestinal Ca absorption was 243 
reached 2 months after parturition, although bone resorption had already been stimulated before 244 
lambing (Braithwaite et al., 1970). Comparable balance studies carried out with goats are not 245 
available. In cows a significant increase of gastrointestinal Ca absorption was found to take 246 
place one week postpartum (van´t Klooster, 1976) or between the 10th and the 20th day after 247 
parturition, respectively (Ramberg et al., 1970). It should be taken into account that these data 248 
were obtained some time ago when milk production in dairy cows was not as high as nowadays. 249 
Against the background of the low osteocalcin to CrossLaps® ratios found in cows on the 10th 250 
day postpartum it might be speculated that bone mobilisation was more prolonged in cows of 251 
the present study. 252 
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The reason for the slight decrease in plasma phosphate observed in all species is usually 253 
assumed to represent a loss of phosphate to the milk (Robertson et al., 1956). Furthermore, it 254 
has been shown that a decrease in plasma Ca induces a concurrent increase in cortisol. Cortisol 255 
was demonstrated to have an impact on plasma phosphate (Horst & Jorgensen, 1982). No 256 
satisfying explanation could be found for the increase in goats´ plasma phosphate 257 
concentrations on the 10th day postpartum.  As the blood concentration of ionised Ca showed a 258 
second decrease on the 10th day, too, these alterations might be associated with the steep rise in 259 
milk production observed in does between the 7th and the 12th day after parturition. The role of 260 
phosphate in lactating animals is not yet fully understood. In contrast to calcium, plasma 261 
concentrations of phosphate are not that strictly controlled and the exchange between the 262 
different pools is more complicated. Phosphate is not only mobilised from bone, but also from 263 
soft tissues and in ruminants large amounts of phosphate secreted via the salivary glands and 264 
reabsorbed again in the gastrointestinal tract have to be taken into account (Braithwaite, 1983). 265 
However, the effect of drying-off on plasma phosphate underlines that it might be influenced 266 
by the hormonal regulation mechanisms involved in lactation and bone metabolism.  267 
 268 
Conclusion 269 
We could demonstrate that in line with former studies sheep seem not to respond with an 270 
adequate stimulation of calcitriol synthesis to challenges of Ca homeostasis. Furthermore, 271 
striking differences regarding peripartal bone metabolism were observed between the three 272 
ruminant species investigated. To evaluate whether sheep or goats are the better model for 273 
studying Ca homeostasis in the dairy cow, further studies under more controlled feeding 274 
regimes of the cows and a larger number of animals are needed. 275 
 276 
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Tables 280 
 281 
Table 1 282 
 283 
Ingredients of hay and concentrate fed to sheep and goats expressed as percentage of original 284 
substance; n.d.: not detectable using standard procedures. 285 
 286 
 Hay Concentrate 
Crude protein 8.21 20.0 
Crude fat 1.52 2.60 
Crude fibre 26.5 11.0 
Crude ash 7.30 8.70 
Calcium 0.41 0.90 
Phosphorus 0.32 0.55 
Sodium 0.11 0.20 
Energy [MJ per kg] 7.50 10.2 
Vitamin D [IU/kg] n.d. 1,000 
  287 
288 
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Table 2 289 
 290 
Total calcium (mmol/l), phosphate (mmol/l), calcitriol (pg/ml) and the ration between 291 
osteocalcin (ng/ml) and Crosslaps® (ng/ml) in plasma of goats and sheep measured after 3 292 
months in milk and 6 weeks after having been dried-off, respectively. Results of 2way ANOVA 293 
(species, effect of lactation and interaction). Means ± SEM. 294 
 295 
  Total calcium Phosphate Calcitriol 
Ratio 
osteocalcin to 
CrossLaps® 
Goats Lactating (6) 2.56 ± 0.06 1.69 ± 0.09 12.8 ± 0.86 46 ± 5.8 
 Dried-off (6) 2.63 ± 0.03 1.87 ± 0.14 12.8 ± 0.82 62 ± 5.2 
Sheep Lactating (5) 2.20 ± 0.06 1.59 ± 0.08 13.4 ± 3.35 35 ± 5.3 
 Dried-off (5) 2.18 ± 0.09 2.01 ± 0.16 8.1 ± 0.90 62 ± 12 
ANOVA Species P < 0.001 n.s. n.s. n.s. 
 Lactation n.s. P < 0.05 n.s. P < 0.05 
 Interaction n.s. n.s. n.s. n.s. 
 296 
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Figures 297 
 298 
Figure 1 299 
Daily milk yield of goats and sheep normalised to the animals´ body weight. RM ANOVA 300 
revealed significant effects of time (P < 0.001), species (P < 0.001) and an interaction of time 301 
and species (P < 0.001). Significant differences between species revealed by Bonferroni post-302 
test for each day are marked with asterisks (P < 0.05: *; P < 0.01: **; P < 0.001: ***). Means 303 
± SEM. 304 
 305 
Figure 2 306 
Blood concentrations of ionised calcium measured in goats, sheep and cows around parturition. 307 
RM ANOVA revealed significant effects of species (P < 0.01) and an interaction of time and 308 
species (P < 0.05). Different letters represent significant differences within one species. The 309 
symbols # and $ indicate significant differences between cows and goats (#) or sheep ($), 310 
respectively. Means ± SEM.  311 
 312 
Figure 3 313 
Plasma concentrations of total calcium measured in goats, sheep and cows around parturition. 314 
RM ANOVA revealed significant effects of time (P < 0.001) and species (P < 0.001). Different 315 
letters represent significant differences within one species. The symbols # and $ indicate 316 
significant differences between cows and goats (#) or sheep ($), respectively. Means ± SEM. 317 
 318 
Figure 4 319 
Plasma concentrations of phosphate measured in goats, sheep and cows around parturition. RM 320 
ANOVA revealed significant effects of time (P < 0.001) and an interaction of time and species 321 
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(P < 0.001). Different letters represent significant differences within one species. The symbols 322 
# and § indicate significant differences between goats and cows (#) or sheep (§), respectively. 323 
Means ± SEM. 324 
 325 
Figure 5 326 
Plasma concentrations of calcitriol measured in goats and sheep around parturition. RM 327 
ANOVA revealed significant effects of time (P < 0.05) and species (P < 0.05). Different letters 328 
represent significant differences within one species. Means ± SEM. 329 
 330 
Figure 6 331 
Ratio between plasma concentrations of osteocalcin and CrossLaps® measured in goats, sheep 332 
and cows around parturition. RM ANOVA revealed significant effects of time (P < 0.001), 333 
species (P < 0.001) and an interaction of time and species (P < 0.001). Different letters represent 334 
significant differences within one species. The symbols #, $ and § indicate significant 335 
differences between goats and cows (#), sheep and cows ($) or sheep and goats (§), respectively. 336 
Means ± SEM. 337 
 338 
  339 
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